Wind power is a fast-growing source of non-polluting, renewable energy with vast potential. However, current wind turbine technology must be improved before the potential of wind power can be fully realized. Wind turbine blades are one of the key components in improving this technology. Blade failure is very costly because it can damage other blades, the wind turbine itself, and possibly other wind turbines. A successful damage detection system incorporated into wind turbines could extend blade life and allow for less conservative designs. A damage detection method which has shown promise on a wide variety of structures is impedance-based structural health monitoring. The technique utilizes small piezoceramic (PZT) patches attached to a structure as self-sensing actuators to both excite the structure with high-frequency excitations, and monitor any changes in structural mechanical impedance. By monitoring the electrical impedance of the PZT, assessments can be made about the integrity of the mechanical structure. Recently, advances in hardware systems with onboard computing, including actuation and sensing, computational algorithms, and wireless telemetry, have improved the accessibility of the impedance method for in-field measurements. This paper investigates the feasibility of implementing such an onboard system inside of turbine blades as an in-field method of damage detection. Viability of onboard detection is accomplished by running a series of tests to verify the capability of the method on an actual wind turbine blade section from an experimental carbon/glass/balsa composite blade developed at Sandia National Laboratories.
INTRODUCTION
Wind power is a source of non-polluting, renewable energy and is the fastest growing energy technology in the world. Last year, wind power generation in the United States grew 27% and is expected to grow 26% in 2007 1 , although it currently only supplies 1% of the county's energy supply. 2 The wind resource is vast and relatively untapped in the United States and theoretically could supply all of the nation's energy needs. 3 Wind as a sole power source is of course a hypothetical possibility, but the federal government has made a goal for 20% of the country's power to be supplied by wind.
2 However, for this goal to become reality, wind turbine technology must be improved. The Department of Energy's Wind Energy Program works with the wind turbine industry and research labs, like Sandia National Laboratories (SNL) and the National Renewable Energy Laboratory's (NREL) National Wind Energy Center (NWEC), to improve wind energy technology.
Wind turbine blades
Wind turbine blades are especially important in the development of wind power technology. The blades are the only part of the turbine designed specifically for the wind energy industry. In order to expand wind turbine technology, blades must have increased performance while maintaining low cost. To increase the effectiveness of wind turbines, blade designs continually grow longer and are made from lighter more cost effective materials, such as glass fiber and/or other composites. 4 These composite structures undergo a complex load spectrum with a high number of cycles, and are clearly fatigue critical machines. 5 These factors contribute to the concern for blade failure which also can damage other parts of the wind turbine and/or other nearby wind turbines. 6 Although advances have been made in predicting the fatigue life of blades 5 , they can only help in predicting the service life of blades, not the instant they will fail. Therefore blades would certainly benefit from structural health monitoring (SHM), as blade life could be extended or blade designs made less conservative if a successful damage detection method could be implemented. Finally, wind turbines are often in remote areas and, especially in Europe, often offshore. Inspection of offshore blades is difficult and would provide another advantage for a blade SHM system.
Wind turbine blade SHM
The need for damage detection in wind turbine blades has been recognized by the wind energy industry for some time, and several methods have been tested. Work at SNL and NREL in the 1990s included blade fatigue tests and field tests incorporating laser vibrometers and accelerometers in an attempt to detect damage with modal data. [6] [7] [8] Also tested were acoustic emissions (AE) and coherent optical/shearograhpy methods during quasi-static testing of a blade. 9 AE was also used during blade fatigue tests along with infrared thermography. 10; 11 Finally, ultrasonic C-scan methods were investigated. 12 Recent work from the European wind energy community is primarily in the area of condition monitoring of wind turbines using global modal methods. 13; 14 These methods have been successful in detecting damage in wind turbine blades, but, with the exception of AE, are either not promising methods of on-board damage detection or use low-frequencies. Low-frequencies are good for detecting global types of damage, but not minor damage which could indicate imminent failure.
During the past several years, Sundaresan and Shultz et al. of North Carolina A&T State University and the University of Cincinnati have partnered with NREL to perform research in the area of turbine blade SHM. [15] [16] [17] [18] [19] [20] Their early work focused on low-frequency methods on a blade section using piezoceramic Lead Zirconate Titanate (PZT) actuators for actuation, laser vibrometers for sensing, and added mass for simulating damage. Next, they used stress waves transmitted and received with PZT patches to detect damage during a static wind turbine blade test at NREL. Most recently, they used PZTs to monitor AEs on a wind turbine blade during proof testing at NREL. Finally, they proposed a "smart" or "intelligent" blade which would have a network of sensors and be an autonomous system with on-board computing and power harvesting.
Impedance-based SHM
Impedance-based SHM methods use PZT patches attached to a structure as self-sensing actuators that excite the structure with high-frequency excitations and monitor any changes in mechanical impedance-which would be an indication of damage. It has been shown that the electrical impedance of the PZT is directly related to the mechanical impedance of the structure to which it is attached. Therefore, by monitoring the electrical impedance of the PZT, the mechanical impedance, or the integrity of the structure, can be assessed. Typical frequency ranges for this method fall within 10-400 kHz. 21 The impedance-based SHM method has been shown to work on a variety of structures including truss and bridge sections, an airplane tail, concrete walls, welded joints, pipelines, etc. 21 and more recently on thermal protection systems 22 and railroad tracks 23 . The method has also been shown to detect matrix cracking, as well as delaminations, in composite materials. 24; 25 Recent work has shown that impedance-based SHM can readily be made autonomous through advances in hardware systems with onboard computing, including actuation and sensing, computational algorithms, and wireless telemetry. [26] [27] [28] The impedance-based SHM method has been shown to be effective in detecting damage in composites and as an autonomous SHM method, therefore it is anticipated that it would be a promising method for use in an "intelligent" or "smart" blade as proposed by previous researchers. In this paper, the feasibility of the impedance-based SHM method for wind turbine blades is investigated by conducting tests on a section of a blade. The goal of this work was to see if the impedance method is able to detect damage in this composite structure and to determine the limits of sensing.
WIND TURBINE BLADE SECTION
The wind turbine blade section which is used for impedance-based SHM testing is from a CX-100 (Carbon eXperimental-100 kW) blade. The CX-100 is a 9 m long subscale experimental blade that was manufactured by TPI Composites and is part of research by SNL to incorporate carbon fiber in subscale blades for testing. The CX-100 has carbon fiber in the spar cap region of the blade infused with the blade skin, which is made of more typical glass fiber and balsa. This, along with an overall picture of the blade, can be seen in Figure 1 . The blade section from a CX-100 used for testing is shown in Figure 2 . The test section is from just over two-thirds of the way down the length of the blade and is around 40 cm long. The section comes from a blade that was static tested to failure at NREL's NWEC. Typical damage locations and modes were suggested by SNL. Damage mechanisms are shown in Figure 3 and include location 1, which is where the carbon fiber spar cap meets the balsa skin. The damage mode here is separation of the two sections. Location 2 is adhesive between the spar and the spar cap on the curved side of the blade. The damage mode is cracking of the adhesive. Location 3 is the adhesive between the spar and the spar cap on the other side of the blade. The damage mode here is pitting of the adhesive. 
IMPEDANCE-BASED SHM TESTING
A series of tests were performed on the blade section using the impedance-based SHM method. The goals of these tests are to validate that the method could detect damage on the blade and to determine the limits of sensing. Figure 4 shows the locations of the three PZT patches tested along with the damage locations for reference. The selfsensing actuators are roughly 2 x 2 cm and are made from 0.27 mm thick PSI-5H4E material from Piezo Systems, Inc. The sensor on the left in Figure 4 is above the balsa skin section near the balsa/carbon intersection and will be referred to as the "Skin" patch. The sensor on the bottom is on the fiber glass spar flange and will be referred to as the "Spar" patch. Finally, the sensor on the carbon fiber spar cap will be referred to as "Carbon". Although the impedance-based SHM technique is typically not affected by boundary conditions, the blade is suspended in nearly free-free condition for consistency in testing. The device used for measuring the impedance of the PZTs is an HP 4194A impedance analyzer. A resolution of 10 Hz was used in gathering impedance data. 
Experimental setup

Procedure
All of the impedance tests that follow consist of first obtaining one or more baseline impedance signatures of the blade in an undamaged state. Then the desired damage is added, and the damaged impedance curve is obtained. The undamaged and damaged impedances are compared to the baseline impedance using a damage metric over a specific frequency range. For the frequency range of choice, the damage metric is calculated using a root mean squared deviation (RMSD) metric:
where Z 1 is the real part of the baseline impedance, and Z 2 is the real part of the impedance in question. n is the total number of data points, and i is each individual data point. δ is the difference in the average values of Z 1 and Z 2 . This metric is scaled by the baseline measurement and is corrected for vertical shift between measurements, which does not indicate damage, by subtracting δ from the interrogation impedance.
Indirect damage testing
The first type of tests performed on the blade were indirect forms of damage such as adding mass to and changing the local stiffness of the blade. These types of tests were performed first because they do not directly damage the blade and are repeatable. In this manner, the method could be validated on the blade while getting an idea of proper placement and frequency ranges of sensors before beginning tests that actually physically damage the blade. The indirect damage being simulated was still based on damage locations provided by SNL. Simulated damage by adding mass was accomplished by attaching magnets to the blade with a combined mass of approximately 25 g at the three damage locations. The magnets can be seen in Figure 5 in location 1. Also, to simulate damage by changing the local stiffness of the blade in the three locations, a 5 cm C-clamp was attached to the blade. The C-clamp can be seen also in Figure 5 in location 2. Finally, to get an idea of the range of sensing, additional tests were run moving the masses down the blade away from the sensors. Masses were kept in the same three locations relative to the cross section of the blade but were placed at 13, 25, and 40 cm away from the sensor end of the blade. These distances also roughly correspond to 1/3, 2/3, and all the way down the blade section. 
Actual damage testing
After the indirect damage testing was complete, direct forms of damage were tested. Locations 1 and 3 were chosen for testing because the damage to these areas was easier to simulate, especially down the length of the blade. Damage was induced at both at the sensing end of the blade and down the length of the blade at both locations.
Location 1 is the connection of the carbon fiber spar cap to the balsa skin. The damage mode at this location is separation of the two sections. Damage at the sensing end was produced by driving a chisel in between the two sections. This damage was added progressively, with three baselines being taken initially and then impedance measurements taken after each progression of damage and compared to the initial baseline. Three damage states were produced: an 8 mm deep/3 mm wide at opening notch, a 15 mm deep/5 mm wide at opening notch, and a 19 mm deep/5 mm wide at opening notch. This damage can be seen in Figure 6 moving left to right. Damage in this location was also tested down the length of the blade in the form of 2.5 cm long gaps in the balsa/carbon fiber by driving a chisel into the gap from the outside of the blade, as is seen in Figure 7 , at 31, 22, 12, and 3 cm down the blade. The gelcoat on the outside of the blade was removed initially for all locations before the initial baselines so that only the effect of separating the balsa and carbon fiber was taken into account. For these tests, two baselines were initially taken, and two measurements were taken after each damage state (starting from the far end of the blade and working back towards the sensing end). Since the cumulative effect of the damage was not desired in these tests, each set of two measurements was compared to the previous two, and then would become the baseline for the next damage state, and so forth. For location 3, a series of tests similar to those for location 1 were conducted. Location 3 is the adhesive between the spar flange and the spar cap, and the damage mode in this location is pitting of the adhesive. For the progressive damage at the sensor end of the blade, holes of increasing size were drilled into the adhesive 4 cm deep with diameters: 1.6, 3.2, 4.8, and 6.4 mm. This damage can be seen in Figure 8 moving from left to right. In Figure 9 , the locations down the length of the blade are shown. These holes were drilled at as close to perpendicular to the length of the blade as possible, but due to the geometry of the blade section not all the holes are perfectly perpendicular. Slightly different angled holes are not anticipated to be a problem since damage is applied no matter what the angle is. These holes are all roughly 5-6 cm deep, 6.4 cm in diameter, and were drilled (starting at the far end and moving toward the sensing end) at 28, 20, 13, 5, and 0 cm from the sensors. 
RESULTS AND DISCUSSION
Initially impedance was tested on all three sensors from 100 Hz -200 kHz. The results showed that for frequencies greater then 60 kHz, the impedance of the sensors had a flat response with peak density lower than typically used for impedance-based SHM. Low structural response at higher frequencies is likely due to the high structural damping of blade, especially that of the balsa.
Several frequency ranges less than 60 kHz were investigated during indirect damage testing. Ranges less than 10 kHz are not presented because this is lower than typically used for impedance-based SHM, and measurements could be affected by boundary conditions. Results from 10-30 kHz and 30-60 kHz ranges are fairly similar, so only the 10-30 kHz range results are presented. With a better idea of the correct frequency range, the actual damage testing was performed at 10-30 kHz and 30-60 kHz ranges only. Again, results are similar, so only the 10-30 kHz ranges are shown.
For a more direct comparison of multiple tests, the damage metric results are scaled so that the baseline or average of baselines is equal to one. Therefore the scaled RMSD is actually how many times higher the damage metric is with respect to the baseline.
Indirect damage results
Examples of the impedance plots from indirect damage testing are shown in Figures 10 and 11 . These are both from the spar sensor from 10-30 kHz. Figure 10 is the added mass test and Figure 11 is the added stiffness test for all three locations. Change in the impedance from baseline to damage states can clearly be seen. Analyzing the results from all three sensors, all three locations for both added mass and C-clamp tests from 10-30 kHz, and applying the scaled RMSD damage metric yields Figure 12 . From these results, all three sensors are capable of sensing damage in locations 1 and 3 at the sensing end of the blade. All damage cases resulted in an increase in damage metric. However, the skin sensor detecting the added mass in locations 2 and 3, which are on the opposite side of the blade from the sensors, did not have significant damage metrics. The other type of test that was performed for the indirect damage testing was adding mass down the length of the blade. Again, this was done at 0, 13, 25, and 40 cm down the blade. Damage metrics for the test of 10-30 kHz on the spar sensor are shown in Figure 13 . From Figure 13 , all damage cases resulted in metrics greater than one, but no downward trend is observed in the metrics as the masses move down the blades. Rather, all tests except locations 1 and 3 at the sensor end appear to be randomly distributed at just slightly less than 2 scaled RMSD. Based on these results, as well as those from location 2 in the sensor end tests, it is suspected that the damage threshold value for the scaled RMSD damage metric is around 2. Values above this threshold are significant damage detected by impedance-based SHM; below 2 are not. Based on these results, the sensors do not seem to be able to detect damage at location 2, which is on the opposite side of the blade. To observe damage a location 2, sensors could be positioned on both sides of the blade. Also, the sensing range is somewhere below 13 cm for the types of indirect damage being tested. The methods used to simulate damage however do seem relatively minute-the mass being added to simulate damage was 25g for the magnets and 215g for the C-clamp, while the blade section weighs roughly 4 kg. Also, the C-clamp exerted a rather small force. Therefore it is thought that actual damage will produce better results.
Actual damage results
Examples of impedance plots from actual damage testing are shown in Figures 14 and 15 . Figure 14 displays results from the skin sensor at 10-30 kHz for the progressive separation of the carbon and balsa sections at location 1 on the sensor end of the blade. Figure 15 shows the carbon sensor from 10-30 kHz for the increasing diameter holes in the adhesive at location 3 on the sensor end of the blade. Change in the impedance from baseline to damage states can clearly be seen in both cases. Fig. 14. Impedance plot for skin sensor, 10-30 kHz Fig. 15 . Impedance plot for carbon sensor, 10-30 kHz, location 1 sensor end progressive damage location 3 sensor end progressive damage Figure 16 shows the scaled RMSD damage metrics of the balsa/carbon fiber separation at location 1 for the 10-30 kHz frequency range. Results are shown for both progressive damage at the sensor end of the blade and damage down the length of the blade for all three sensors. From the results, all three sensors were able to effectively sense damage at the sensor end of the blade. As the actual damage in the blade increased, the damage metric also increased. For the testing down the length of the blade, the skin sensor was able to effectively sense the damage all the way to 31 cm down the blade, and a clear upward trend is seen in the metrics as the damage nears the sensor. The carbon sensor had significant damage metrics for up to 12 cm down the blade, while the spar sensor only effectively sensed the damage 3.2 cm down the blade. The relative success of each sensor makes sense due to their proximity to the damage location. The skin sensor had the best results, which would be expected due to its close proximity to location 1. The spar sensor had the least success, but it has adhesive within its path to the damage. Figure 17 shows the scaled RMSD damage metrics of the holes in the adhesive at location 3 for the 10-30 kHz frequency range. Results are shown for both progressive damage at the sensor end of the blade and damage down the length of the blade for all three sensors. From the results, all three sensors were able to effectively sense damage at the sensor end of the blade with an increasing trend in the damage metric as the damage worsened, with the exception of the skin sensor not effectively sensing the smallest size hole. For the testing down the length of the blade, the carbon and spar sensor had the most success, with a downward trend in damage metric for the 0, 5, and 13 cm tests. The carbon sensor seemed to be able to sense the 20 and 28 cm damage, but the downward trend was not preserved. Based on the results of the actual damage testing, all of the sensors were able to sense actual damage on the sensor end of the blade. The damage metrics for these tests also had an increasing trend as damage increased. For the damage down the length of the blade, the sensing range was around 13 cm for the adhesive holes and 30 cm for the balsa/carbon fiber gap, using the best sensors. The optimal sensor for these cases was the skin sensor for location 1 and the carbon or spar sensor for location 3.
CONCLUSIONS
Testing on a wind turbine blade section has been performed to help sort out the feasibility of using impedance-based SHM on wind turbine blades. The goal was to see if the method is able to detect damage on the blade and to determine the limits of sensing. The method of introducing damage in a controlled way was to add mass and change stiffness as well as inducting actual damage at various locations of interest on the blade section. Damage mechanisms were induced both on the sensor end as well as down the length of the blade.
From the results, impedance-based SHM was able to detect damage on the blade section. The sensing range is around 10-30 cm depending on the sensor and type of damage. Considering the size of wind turbine blades, the may seem to be a rather small range. Still, it seems that impedance-based structural health monitoring is a promising method to use on blades either in critical locations or in conjunction with other SHM methods which both utilized the same PZT patches.
The results of this work are promising enough to warrant further investigations into the use of impedance based SHM for wind turbines. Future work could include further testing of the blade section such as adding a sensor on the other side of the blade and testing actual damage at location 2. Also, testing other damage modes, such as local buckling of the blade's skin and spar along with delamination and matrix cracking in the glass and carbon fiber sections, is also possible. Investigating the incorporation of non-monolithic PZTs into the blades would be beneficial, as would utilizing previously developed autonomous impedance-based SHM systems to detect blade damage. Finally, testing the method on an actual blade during a quasi-static or fatigue test would be another possibility.
